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ABSTRACT
Optimum values of temperature and air flow velocity are desirable in a room for human comfort. Mechanical
ventilation is an effective method to achieve this. These variables are affected by many parameters. The location of
the inlet and the outlet duct play a pivotal role. This work aims at the numerical modeling of the room air flow
phenomena when the inlet and outlet are placed at different locations in the room. Computational Fluid Dynamic
(CFD) modeling of the air flow distribution is carried out in a mechanically ventilated enclosure that represents the
scaled down model of a room. Turbulent regime of air flow is analyzed. RNG k-ε model is used to model the
turbulent flow. Also, this work aims at suggesting the most ideal ventilation, which would provide comfortable
room environment in winter season in coastal India. Commercial CFD package, FLUENT is used for the modeling
of the various phenomena.

1. INTRODUCTION
Human beings feel comfortable when optimum values of temperature and humidity are present in a room. In a
typical tropical climate, like in coastal India, the human body is acclimatized naturally to a temperature of 28 –
30°C. Many residences and office buildings are heated by forced air systems in order to achieve the optimum
conditions of temperature as mentioned above. In such systems, warm air is supplied through an inlet duct and the
colder air is removed through an exit duct, placed at suitable locations in the room. The effectiveness of such a
heating system is dependent on various parameters. These include the location of the inlet and exit air ducts, the
velocity of the inlet warm air, the orientation of the inlet and exit ducts, geometry and orientation of the ducts and
the geometry of the room.
The fluid mechanics of air flow in rooms is very complex due to a number of reasons. Also, the flow of air in room
is inherently three dimensional and unsteady. The heating (or cooling during summer seasons) of the room by the
supply air jet necessitates the coupling of the energy equation along with the momentum and continuity equation to
completely determine the flow field in the room. With these many complexities in the flow of air in a room, it is not
possible to obtain an analytical solution to the governing differential equations. A Computational Fluid Dynamic
(CFD) analysis is required to obtain the solution of these equations. The continuous advancements in the field of
CFD has made it possible for the prediction of flow field in a room. The availability of various commercial CFD
packages like FLUENT, STAR-CD, PHOENICS etc. has considerably reduced the efforts required to obtain
solutions for such fluid flow problems.

2. LITERATURE SURVEY
A number of researchers have contributed to the development of numerical prediction method which could be used
as a practical tool for indoor environmental design. The earliest attempt at the calculation of the indoor flow field
was done by Terai [1] for a two dimensional buoyant flow case. The first few experimental contributions for the two
dimensional laminar case was done by Nomura and Kaizuka [2], Tsuchiya [3] and Yamazaki et al [4],
independently. These researches were followed by Nomura et al [5] for three dimensional laminar flow using
Marker and Cell method. They made qualitative comparisons of their results through flow visualization experiments.
A lot of research has been carried out on modeling natural convection in enclosures.
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Lee et al [6] made a finite element analysis to study the characteristics of forced and mixed convection in a room, in
both laminar and turbulent regimes. Evola and Popov [7] have used Reynolds Averaged Navier Stokes (RANS)
approach to study wind driven natural ventilation in cubic buildings. k-ε model and RNG k-ε model has been used to
predict the velocity, pressure distribution and the ventilation rate for three different cases. The results have been
compared the experimental data.
The previous research works on heating ventilation in a room have been carried of for a wide range of Gr/Re2 ( ratio
of buoyancy to inertia effects). However, most of these research works have not dealt with the effect of the location
of inlet and exit on the velocity and temperature patterns in the room. The research work carried out by S L Sinha, R
C Arora and Subhransu Roy is on these lines. However, they have investigated the velocity and temperature
distribution only for the case of steady laminar flow in the room. This work involves the determination of velocity
and temperature distribution in a room for the case of an unsteady turbulent flow, when the inlet and exit are placed
at different locations in the room. The investigation has been carried out for a low value of Gr/Re2. Energy and flow
equations have been solved by using the finite volume method, employing the Semi Implicit Method for Pressure
Linked Equations (SIMPLE) scheme to determine the flow field variables.

3. PROBLEM FORMULATION
The problem involves the study of velocity and temperature distribution in a room during heating and ventilation. A
square room, 3m x 3m in dimension, has been considered for carrying out the analysis. The inlet and the outlet are
placed on opposite walls and cover the entire width of the room. This configuration makes the fluid flow two
dimensional in nature. Also, no obstructions in the room have been considered for the sake of simplicity. The air
supply rate is such that turbulent flow exists in most regions of the room. The analysis has been divided into four
groups based on the location of the inlet. For each inlet location, three different locations of exit have been
considered. Thus, a total of twelve different cases have been solved to determine the velocity and temperature
distribution in the room. Figures 1 and 2 show the various configurations of inlets and exits used for the analysis.
The inlet is wider than the exit in every case. The inlet is assumed to be 0.75m wide and the exit is assumed to be
0.5m wide.
The warm stream of air, at a temperature Tair,, enters the room horizontally with a uniform velocity Uo. The walls are
at a temperature Twall. The inlet air velocity Uo and the inlet opening width W are used as the characteristic velocity
and length respectively. These values have been used to determine the Reynolds number of the fluid flow.

3.1 Assumptions
The inlet and exit ducts run throughout the length of the room and every cross section of the room is
identical.
There are no obstacles present in the room.
The dimensions 3mx3m represent the front view.

Fig 1: Various configurations of the room for the
analysis

Figure 2: Various configurations of the room for
the analysis

4. GOVERNING DIFFERENTIAL EQUATIONS
The RNG k-ε model is used for the analysis. It is suitable for modeling fully turbulent flows, swirling flows and low
Reynolds number flows. It has been shown that [7] the performance of RNG k-ε model is satisfactory for wall
bounded flows such as that in the present situation.
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Transport equations for RNG k-ε model:

∂/∂t (ρk) + ∂/∂xi (ρkui) = ∂/∂xj (αkμeff ∂k/∂xj) + Gk + Gb – ρε – YM + Sk

(1)

∂/∂t (ρε) + ∂/∂xi (ρεui) = ∂/∂xj (αεμeff ∂ε/∂xj) + C1εε/k (Gk + C3εGb) – C2ερε2/k − Rε + Sε (2)
In these equations,

Gk represents the generation of turbulence kinetic energy due to the mean velocity gradients.
Gb is the generation of turbulence kinetic energy due to buoyancy.
YM represents the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate.
αk and αε are the inverse effective Prandtl numbers for k and ε, respectively.
Sk and Sε are user-defined source terms.
The turbulent viscosity is modeled as a differential equation which when integrated gives an accurate description of
how the effective turbulent transport varies with the effective Reynolds number (or eddy scale), allowing the model
to better handle low-Reynolds-number and near-wall flows.

5. MESHING AND BOUNDARY CONDITIONS
The square enclosure, representing the room, was meshed using rectangular control volumes. The square enclosure
was divided into 90,000 control volumes (300 x 300). The grids were closely spaced near the walls (floor, ceiling
and the two side walls) and were gradually expanded into coarse grids at the centre of the enclosure. Various
grading scheme like successive ratio, bi-exponent etc. were used to mesh the edges, from which the grid for interior
of the enclosure was created using mapped meshing. The variation in the spacing of the grid elements has been used
in order to ensure that both the boundary layer effects near the walls are captured well and the computational time is
reduced. Again, the spacing of the elements near the walls are so chosen that the wall y+ remains as low as possible.
Figure 2 shows a typical computational mesh used for the CFD analysis. The boundary conditions used for all the
cases are as described below:
At the walls:

At the inlet:

At the outlet:

u (X velocity) = 0 m/s

u = 0.3 m/s

gage pressure = 0 atm

v (Y velocity) = 0 m/s

v = 0 m/s

backflow temp.= 298 K

Twall = 293 K

Tair = 303 K

For these values of velocity and temperatures, the Reynolds number and Grashof number based on the inlet width
are 14,685 and 1.2 x 109 respectively. Based on these values, the ratio Gr/Re2 is 5.56.

6. RESULTS AND DISCUSSIONS
As mentioned earlier, the problem has been divided into 3 groups based on the location of the inlet. For each
location of inlet, three different locations of the outlet are considered. The unsteady flow, turbulence and energy
equations were solved for duration of 1hour. The solution was advanced in time steps of 0.5 seconds each. Thus the
equations were solved for a total of 7200 time steps with a maximum of 10 iterations per time step. The results
obtained on solving the equations are explained below.

6.1 Group A
This group of cases consists of situations when the inlet is located from 0m to 0.75m on the left wall while the exits
are placed at 3 different locations (0m – 0.5m, 1.25m - 1.75m, 2.5m – 3m) on the right wall.
Case 1:
In this case, the inlet is placed at 0m – 0.75m on the left wall while the exit is from 0m – 0.5m on
the right wall. The velocity and temperature distribution obtained for this configuration is shown below. The
primary jet of warm air expands just after entering the room, typical of the expansion of a jet, as shown in figure 3.
Most of the primary air (75-80%) is expelled directly through the outlet while the remaining air recirculates along
with the secondary entrained fluid. The primary stream starts bending towards the exit after moving a certain
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distance horizontally. Also, the air leaving the room is accelerated near the exit as the exit is smaller in size than the
inlet. In the region above the primary stream of warm air, recirculation of the fluid takes place. The presence of
favorable temperature gradients aids the process of natural convection in the region above the inlet warm air,
causing the recirculation of the fluid present there. The rising warm fluid, cools down near the wall and settles
down. It can be observed from figure 3 that this configuration of inlet and outlet in the room gives rise to two
stagnant zones in the upper region of the room. The fluid circulates around these two regions in both clockwise and
anti clockwise directions. In figure 3, the clockwise recirculation is mainly present in the right side region of the
room and occupies only a small portion of it. Major part of the upper region of the room is occupied by the anti
clockwise circulating fluid stream, around the central stagnation zone. This is supported by the fact that the
temperature variations in the room are predominantly inclined towards the left side of the room, as shown in figure
4. Stagnation of fluid takes place in the top right and left corners of the room also. Further, one can observe the
development of velocity and thermal boundary layers near the walls in figures 3 and 4. However, the temperature in
the most occupied zone of the room is not uniform, but keeps varying by 2 to 3 degrees.
Case 2:
In this case, the inlet is placed at 0m-0.75m on the left wall while the exit is placed from 1.25m 1.75m on the right wall. The velocity and temperature distribution obtained in the room are shown in the following
figures. In this case, where the exit is located above the inlet, we observe that the inlet warm jet moves along the
floor (bottom wall) for some distance and bends upwards towards the exit as shown in figure 5. The bending of the
fluid upwards causes the separation of warm jet from the floor. This results in the establishment of a recirculation
zone in the bottom right corner of the room, where the fluid circulates in clockwise direction. The primary stream
attaches with the vertical wall before leaving the room through the exit. The fluid bends near the exit and is
accelerated as it leaves the room due to the fact that the exit is smaller than the inlet. In the region above the primary
warm stream, we observe that the recirculation of the secondary fluid takes place. In this case, the circulation of the
fluid is stronger than that observed in case 1. The counter clockwise rotating cell has moved to the centre of the
room and grown larger in size. The clockwise rotating cell has been pushed to the top right end of the room and it
merges with the stagnation zone in the top right corner of the room. This is supported by the temperature contours
shown in figure 6. However, similar to case 1, the temperature in the most occupied regions of the room is not very
uniform. Also, the mixing of the fluids is poor in the bottom right region of the room, where there is clockwise
circulation of the fluid. This is indicated in figure 6, which shows that the temperature of air in this region is much
less than that in the central regions of the room. Stagnation zone in the top left corner of the room and the
development of velocity and thermal boundary layers near the wall can be observed in figures 5 and 6. The natural
circulation in the upper region of the room above the warm jet of air is aided by the presence of cold air above the
hot stream, resulting in favorable temperature gradients.
Case 3:
In this case, the inlet is placed at 0m-0.75m on the left wall while the exit is placed from 2.5m 3m on the right wall. The velocity and temperature distribution obtained in the room are shown in the following
figures. In this case, the inlet and exit are located diagonally across each other. The warm jet of air moves along the
floor for some distance and separates from the wall, bending upward towards the exit. However, in this case, the
separation of the warm stream of air takes place much earlier than that in case 2. This results in a larger and stronger
clockwise circulating region on the bottom right region of the room. The primary stream of air attaches to the
vertical wall just below the exit similar to case 2. The fluid stream attaches with the ceiling just before leaving
through the exit. We observe that the entire room above the inlet has been engulfed by one anti clockwise circulating
cell. The stagnant zone present in the centre of the room, in case 2, has moved to the left half of the room. The fluid
rising upwards gets cooled at the ceiling, walls and settles down. The temperature distribution in the room is
uniform unlike the previous 2 cases. Most of the living zone in the room has a fairly uniform temperature with
variations being less that 1 deg C. This is indicated from figure 8 that shows the distribution of temperature in the
room. Like case 1 and case 2, there is a stagnation zone present in the top left corner of the room. Comparing the
above three cases, we find that the distribution of temperature is much more uniform in case 3 than cases 1 and 2.
We observe that the magnitude of maximum velocity in the room increases with the increase in elevation difference
between the inlet and the exit. Also, the velocity of flow at any point in the room is greater for greater elevation
difference between the inlet and outlet. The velocity distribution is satisfactory in both case 2 and case 3 However,
due to better temperature distribution, it can be concluded that the room configuration in case 3 is better than those
in case 2 and case 1.

6.2 Group B
This group of cases consists of situations when the inlet is located from 0.5m to 1.25m on the left wall while the
exits are placed at 3 different locations (0m – 0.5m, 1.25m - 1.75m, 2.5m – 3m) on the right wall.
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Case 4:
In this case, the inlet is placed at 0.5m – 1.25m on the left wall while the exit is from 0m – 0.5m
on the right wall. The velocity and temperature distribution obtained for this configuration is shown below. Here, the
inlet is located above the exit. The primary stream of warm air bends slightly upwards after entering the room and
then takes a sharp dip before the exit, as shown in figure 9. There are three recirculation zones present in this case.
The first recirculation zone, where the fluid circulates clockwise is present near the floor, just below the inlet. The
thickness of this zone reduces as we progress towards the exit. The primary stream of air attaches with the floor just
before leaving the room. The other two recirculation zones are present above the primary stream of warm air. In the
region below the inlet, due to adverse temperature gradient (cold room air is present below the warn inlet air),
natural convection is suppressed. On the contrary, in the region above the primary jet, the presence of cold air above
the warm inlet air gives rise to favorable temperature gradients that aid the natural convection process. From figure
9, we observe that the two recirculation zones (one clockwise and the other anti clockwise) are centered around the
two stagnant zones in the upper region of the room. The fluid circulates in anti clockwise direction around the small
stagnation region present near the centre of the room while the anti clockwise circulation of the fluid takes place
around the stagnation zone in the right end of the room. However, the anti clockwise circulation of the fluid is more
dominant that the clockwise recirculation. This is supported by the fact that the orientation of the temperature
gradients are predominantly towards the left side of the room as shown in figure 10. Further, one can observe that
the mixing of the fluid is poor in the region below the inlet (bottom left portion of the room). The fluid is accelerated
before leaving the room as the exit is smaller in size than the inlet. Stagnant zones can also be observed on the top
left and right corners of the room. The development of thermal boundary layer can be observed near the walls. On
the same liner velocity distribution of case 5 and case 6 are as shown in the Figures 11 and 13 respectively and the
temperature distribution are shown in the Figures 12 and 14 respectively.

6.3 Group C
This group of cases consists of situations when the inlet is located from 1m to 1.75m on the left wall while the exits
are placed at 3 different locations (0m – 0.5m, 1.25m - 1.75m, 2.5m – 3m) on the right wall.
Case 7:
In this case, the inlet is placed at 1m – 1.75m on the left wall while the exit is from 0m – 0.5m on
the right wall. The velocity and temperature distribution obtained for this configuration is shown below. The inlet is
placed above the exit. We observe that the inlet warm jet of air expands after entering the room and travels
horizontally for more than half the width of the room after which it takes a sharp downward bend and leaves the
room through the exit. The jet attaches with the floor just before the exit. Also the jet is accelerated near the exit as
the outlet is smaller in dimension than the inlet. In the region below the inlet, we find weak clockwise circulation of
the fluid. This is because of the presence of adverse temperature gradients that suppresses natural convection in this
region. In the region above the primary jet, we find the presence of two recirculation cells, one clockwise and the
other anti clockwise. The anti clockwise circulation cell is present towards the left end of the room, similar to other
cases. However, in the present case we observe that the clockwise and anti clockwise circulating zones are almost
equal in size. Also we observe that the velocity of fluid flow is very less in most of the regions as indicated in figure
15 (most of the room is occupied by blue zones). This suggests that the turbulence present in the inlet stream of fluid
decays as it circulates in the room. The circulation in the upper region of the room is aided by favorable density
gradients there. The distribution of temperature in the room is shown in figure 16. We can observe that there is poor
mixing of fluid in the region below the inlet. Also the development of thermal boundary layer near the walls can be
seen in the figure 16. On the same liner velocity distribution of case 8 and case 9 are as shown in the Figures 17 and
19 respectively and the temperature distribution are shown in the Figures 18 and 20 respectively.

6.4 Group D:
This group of cases consists of situations when the inlet is located at the top end of the left wall while the exits are
placed at 3 different locations (0m – 0.5m, 1.25m - 1.75m, 2.5m – 3m) on the right wall.
Case 10:
In this case, the inlet is placed at 2.25m – 3m on the left wall while the exit is from 0m – 0.5m on
the right wall. The velocity and temperature distribution obtained for this configuration is shown below. Here the
inlet is placed above the exit. The primary stream of warm air moves along the wall ceiling for some distance after
which it detaches, bends downwards towards the exit and leaves the room through the outlet. The fluid is accelerated
near the outlet as the exit is smaller in size than the inlet. We observe a stagnation zone in the top right corner of the
room as shown in figure 21. As the fluid approaches the right wall, the temperature of the fluid reduces (figure 22).
This increases the density of the fluid resulting in the acceleration of the same due to increased body forces. Hence
the velocity of the fluid increases as it descends down along the wall, on the right side of the room. The primary
stream of air attaches with the floor before leaving the room. In the region below the primary stream of air, we
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observe a large recirculation zone that covers almost 75% the room. In this region, the fluid takes a circuitous path,
rotating clockwise initially and then turning anti clockwise near the left wall. The fluid accelerates near the left wall,
as it descends, due to the aforementioned reason. This descending fluid moves along the horizontal wall (bottom left
side of the room) and then detaches form it after a certain distance. The fluid finally mixes with the primary warm
air stream before leaving through the exit. The temperature distribution in the room is shown in figure 22. We
observe that the temperature in most occupied regions of the room is fairly constant. However, there is poor mixing
of the fluid towards the bottom left side of the room. On the same liner velocity distribution of case 11 and case 12
are as shown in the Figures 23 and 25 respectively and the temperature distribution are shown in the Figures 24 and
26 respectively.

Figure 3: Velocity distribution in the room – case 1

Figure 4: Temperature distribution in the room – case 1

Figure 5: Velocity distribution in the room – case 2

Figure 6: Temperature distribution in the room – case 2

Figure 7: Velocity distribution in the room – case 3

Figure 8: Temperature distribution in the room – case 3

Figure 9: Velocity distribution in the room – case 4

Figure 10: Temperature distribution in the room – case 4

Figure 11: Velocity distribution in the room – case 5

Figure 12: Temperature distribution in the room – case 5
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Figure 13: Velocity distribution in the room – case 6

Figure 15: Velocity distribution in the room – case 7

Figure 17: Velocity distribution in the room – case 8

Figure 19: Velocity distribution in the room – case 9

Figure 21: Velocity distribution in the room – case 10

Figure 23: Velocity distribution in the room – case 11

Figure 14: Temperature distribution in the room – case 6

Figure 16: Temperature distribution in the room – case 7

Figure 18: Temperature distribution in the room – case 8

Figure 20: Temperature distribution in the room – case 9

Figure 22: Temperature distribution in the room – case 10

Figure 24 – Temperature distribution in the room – case 11
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Figure 25 – Velocity distribution in the room – case 12

Figure 26 – Temperature distribution in the room – case 12

7. CONCLUSION

From the above results, we infer that:
The maximum velocity of fluid flow is achieved when the elevation difference between the inlet and exit is
maximum.
When the inlet is placed below the exit, the recirculation of fluid is promoted in the region above the inlet
due to favorable temperature gradients while it is suppressed in the region below the inlet. In the region
above the inlet we observe two recirculating cells, one clockwise and another anticlockwise. However their
size and position depends on the location of the inlet and exit.
When inlet is above the exit, we observe a stratification zone at the bottom of the room where the air
remains stagnant. With the increase in the elevation of the inlet from the ground, we see a decrease in the
average velocity of fluid flow in the room, indicating the gradual decay of the turbulence present in the
inlet stream.
Comparing cases 3, 4, 7 and 10 (the most suitable configurations in each group), we find that the
temperature distribution in the room is most uniform in cases 3 and 10. The velocity distributions in cases 4
and 7 are very similar to each other. However the velocity distribution in case 3 is much more satisfactory
than those in cases 4 and 7 due to aforementioned reasons. Due to the same reasons, we also observe that
the velocity distribution is poor in case 10.
In conclusion, we say that the most suitable configuration for heating and ventilation is the one where inlet
is present at the bottom of the room and exit is present at the top of the room on opposite walls (Case 3).
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